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INTRODUCTION

The ANSI Z90.1-1971 (1971) method, called out in Military Specifica-
tion MIL-H-43925 (DA 1975) and currently used by the US Army for evalu-
ating the impact attenuation performance of prospective aircrew helmets,
relies primarily on peak G as a pass-fail criterion. A candidate helmet
is attached to an instrumented metal headform and dropped from a height
yielding 95 joules of input energy onto a 4.8-cm radius steel hemisphere.
Helmets which prevent the peak acceleration experienced by the headform
in such impacts from exceeding 400 G meet the Army standard for impact
performance and qualify for use by Army aircrewmen. However, based on
the incidence of head injury in survivable Army aircraft accidents, it
can be questioned whether or not the current Army standard adequately
reflects human tolerance 1imits to head impact. This paper will attempt
to answer that question.

To date, efforts to define human tolerance to head impact have been
confined, necessarily, to studies involving animals or human cadavers.
However, in 1972 the Army's estabtishment of the Life Support Equipment
Retrieval Program provided a unique oppertunity to research directly
human tolerance 1imits to head impact. Since 1972, helmets involved in
Army aircraft accidents worldwide have been retrieved for laboratory
analysis. If it is assumed that the damage seen in a retrieved helmet
accurately reflects the force experienced by the wearer's head in the
crash situation, then those force levels can be identified by duplicat-
ing that degree of damage on a similar helmet under controlled conditions.
By comparing force levels to resulting head injury, human tolerance
1imits to head impact can be defined.

MATERIALS AND METHODS

A total of 12 SPH-4 helmets was selected for impact damage simula-
tion from those flight helmets analyzed in the retrieval program to date.
Two of the helmets had received two impacts each; however, neither of the
helmet wearers received head injuries from the impacts, so each impact
was considered independent of the other for a total of 14 impact cases.



These.12 simulation helmets were selected because the impact was not a
glancing blow; thus, all head injury is assumed to have resulted primari-
ly from translational acceleration. The centers of the impact locations
on both the.helmet and the head for the 14 cases selected for impact
damage duplication is summarized in Figure 1. The impact locations
s@own on the helmet shell are precise; those on the head are approximate
since some relative movement is possible between the helmet and head
during the impact.

SR - SRR S

FIGURE 1. Of the 14 cases studied, 6 were frontal impacts,
4 were crown, 2 were side, and 2 were located at the back of
the head. The center of each impact shown on the helmet is
precise; those of the head are only approximate since some
movement between helmet and head is possible during impact.

Spare helmet components were assembled to produce several duplicates
for each of the 14 cases. Each duplicate helmet was prepared so that
its shell thickness, liner thickness, and adjustment of suspension straps
matched that of the retrieved helmet as closely as possible. To repro-
duce the damage of a given retrieved helmet, duplicates for that helmet
were attached to a modified version of the humanoid headform specified
by the National Operating Committee on Standards for Athletic Equipment
(NOCSAE) for evaluating football helmets (Hodgson 1975). As shown in
Figure 2, the head-neck connection of this headform was modified to in-
crease its adjustability and permit mounting on the standard carriage
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assembly specified by the ANSI 790.1-1971 method. A tri-axial accelero-
meter (Endevco Model 2267C-750)* was positioned at the head form's center
of mass. Its signal was amplified by a signal conditioner (Endevco Series
4470)* and fed to a three-channel vector analyzer. The vector resultant

-

FIGURE 2. Retrieved helmet damage was dupli-
cated by attaching a test helmet to this instru-
mented humanoid head form and impacting it onto
a surface of appropriate shape. Peak transmit-
ted force was measured using the resultant of
three force transducers located beneath the im-
pact surface. Drop height was varied until the
best damage duplication was achieved.

* Enveco Model 2267X-750, Becton, Dickinson & Co., Rancho Viejo Rd
San Juan Capistrano, CA 92675.



of the three accelerometer signals was then transmitted to the hybrid
computer, which computed the values of peak G, Severity Index (SI) as
described by Gadd (1966), and Head Injury Criterion (HIC) as defined by

Chou and Nyquist (1974). Total weight of the head form and carriage was
5 kg.

The helmeted head form was then dropped onto an impacting surface
that had been selected to reproduce the type of damage seen on
the retrieved helmet. Some helmets required a concave impact surface
to duplicate the area of compression seen in the foam helmet liner.
These concave impact surfaces were prepared by taking an impression of
the helmet shell at the impact site using dental cement. These cement
impressions were then used as impact surfaces. Three piezoelectric
force transducers (Kistler type 9021)* were positioned beneath the impact
surface as shown in Figure 2. The drop height was varied until the

gaTage produced in the duplicate helmet matched that of the retrieved
elmet.

Damage was assumed to have been duplicated when a) the amount of
bending in the six suspension strap anchor clips was duplicated, as
shown in Figure 3; b) the area and maximum deflection of the foam helmet
liner was duplicated, as shown in Figure 4; and c) the degree of fracture

FIGURE 3. The amount of bending in the six suspen-
sion strap anchor clips was duplicated for each of
the 14 cases.

* KIAG Swiss, Kistler Instrumente AG, CH 8408, Winterthur,
Switzerland,
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FIGURE 4. Helmet liner damage was duplicated by match-
ing the area and maximum compression produced in the
test helmet Tiner with that of the retrieved helmet
liner. Maximum compression was duplicated to within a
few thousandths of an inch.

in the fiberglass helmet shell, as shown in Figure 5, matched that of
the retrieved helmet. Acceleration vs. time and force vs. time traces
were recorded for each impact and are shown in Figure 6. A description
of head injuries associated with any of the 14 cases was obtained by
reviewing the official accident report supplied by the US Army Safety
Center. All head injuries were assigned a severity value using the

Abbreviated Injury Scale (AIS) (1976).
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FIGURE 5. The degree of fracture in the fiberglass
helmet shell was duplicated for those cases in which
shell fracture occurred.

10




CASEt & 2

we-43
st.70

Drep H1.-38 em

\

-
i

gt

CASE 8 & Posk Foree-17,200 ¥
C-2252

$i-2458

f' z F
i ] i
H i uxk\ fs

o L O o \..ﬁ/'\,,_
£ 5 ]
! M AN i
CASE & CASE 8 10 Ponk Force-4020 N CASE & 12 Pook Foree-81
NC.m wce-214 Pesk 0.9 w220 Pesk G-N7
38123 31239 AL S0 $1-388 AL S.-0
Drep Orop Wi-33 em Lecotion-Front Drop M1-T6 em

Atesinstn M)

e
>

4

CASL & 5 Pook Force-6800 N CASE® 7 Peek Force-11,680 N
“c-553 Pouk G101 IC-1379 Poak G-24)
S-02¢ AL S-2 SIS AL S-2
Drop Hr-152 em Lecation-Back Drep M1.-122 cm Lecotion-Back

= & -
- =g £3
i ‘ L MW Ly
- - T WY ]

. a4 ) ] , /\/
5 £
Iy H H if
i - 3 3 2
CAsE

CAS:" 3 Pook Force-1000 N .‘.A‘.S(’ ,O * ‘H‘C’-‘ '.: n Pook '."0::::’? .IC-M; : Pock '-:.':“.‘-.”:
$1-20 $1-49 si-128 i A LS50 Si-1862 AL S.2
Drop Me-1S cm Drop H1.-46 em Drop W46 cm Lecation-Crown Orep H1.-239 ¢ Location-Crown

N

1P
) W\,
H )

|

e

WC-4432
4849
Orop 41320 ¢m

FIGURE 6. Acceleration vs. time and
force vs. time traces for the 14 cases
synchronized in time. Time axis divi-
sions equal 4 ms. The initial pulse
seen on the force traces of cases 3,
9, 11, and 8 represents the helmet's
initial contact and rebound off the
impact surface. This double pulse
occurs only in crown impacts where
helmet weight causes some separation
between helmet and headform permitting
the helmet to rebound initially inde-
pendently of the headform.
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RESULTS

A description of head injuries, of conditions required to dupli-
cate helmet impact damage, and of the data recorded for each of the 14
cases is shown in Table 1. Only three of the 14 cases required an im-
pact surface more severe than that of a flat surface to duplicate
the helmet damage. 1In all eight cases involving head injury, the
foam helmet liner was not compressed to the maximum extent possible.
Only in case No. 5 did head injury result from the impact surface pene-
trating the helmet shell. A1l three cases in which fracture occurred
involved forcing the head down against the spinal column resulting in
either basilar skull fracture or fracture of the first cervical vertebra.

The peak acceleration judged to have been experienced in the 14
cases comprising this study, based on the best damage duplication, is
shown in Figure 7. Head injury occurred well below the 400-G criterion
currently used by the US Army in evaluating the impact performance of
prospective aircrew helmets.

SI and HIC values were calculated for each of the 14 cases and are
shown in Figure 8 and 9 respectively. Concussive head injuries occur-
red at SI values below 1500, which is the value currently used as the
concussive threshold by NOCSAE in evaluating the impact performance of
football helmets. Concussive head injuries also occurred at HIC values
below 1000, which is the value currently adopted by the Department of
Transportation (DOT) in Federal Motor Vehicle Safety Standard No. 208
(1972? for occupant crash protection tests as the limit of human toler-
ance for impact to the unprotected head.

DISCUSSION

The Tow incidence of penetrating types of head injuries among Army
helicopter crash victims appears to be due primarily to a) an absence of
sharp, rigid cockpit surfaces, and b) the effectiveness of the SPH-4
aviator helmet as a load-spreading device.

On the other hand, the energy-absorbing capability of the helmet
appears inadequate based upon the high incidence of concussive types of
head injuries observed. This deficiency can have disastrous effects, as
seen in cases 4 and 6 where basilar skull fracture occurred as a result
of the helmet transmitting, rather than absorbing, the impact force.
Recent in-house studies (unpublished) have shown that the energy-absorb-
ing ability of the helmet can be more than doubled by simply increasing
the thickness and decreasing the density of the foam helmet liner.

12
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FIGURE 7. Peak acceleration
values for the impact best dupli-
cating helmet damage for each of
the 14 cases. Solid bars repre-
sent cases in which head injury
resulted from the impact. Head
injury occurred at peak acceler-
ation level well below 400 G.

FIGURE 8. Severity Index values
for the impact best duplicating
helmet damage for each of the 14
cases. Solid bars represent cases
in which head injury resulted from
the impact. Concussion occurred
below the SI value of 1500 used by
NOCSAE as the concussive threshold.
See Table 1 for a description of
head injuries.
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The pass-fail criterion currently used by the Army to evaluate the
impact performance of prospective aircrew helmets does not appear related
to human tolerance 1imits to head impact. In seven of the eight cases '
in which head injury did occur, a helmet permitting the peak acceleration
experienced by these individual heads would have passed the current Army
impact performance standard set at 400 G as shown in Figure 7. It would
appear that the pass-fail criterion currently used by the Army selects
helmets which, for the most part, prevent death in crash situations but
certainly do not prevent concussive head injury. Considering the poten-
tially hostile post-crash environment--such as fire, drowning, and cap-
ture--the injury level permitted by the current pass-fail criterion is
unacceptable. To be effective in selecting aircrew helmets to prevent
concussive head injuries in survivable helicopter crashes, the pass-fail
criterion should be set at no higher than 150 G, as can be seen in Fig-
ure 7. Even though Snively and Chichester (1961) reported that man can
withstand helmeted head impacts exceeding 450 G, he was referring to
surviving the initial impact only, not a helicopter post-crash environ-
ment. Based on case No. 4, where a fatal head injury resulted from a
peak acceleration of 415 G, it can be questioned whether or not even an
initial impact of 450 G could be survived with any degree of certainty.
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Swearingen (1971) duplicated the impact conditions involving the
crash of a military helicopter. He reported that the pilot involved
received a frontal head impact and experienced a peak acceleration of

435 G without sustaining any head injury.

Even though differences exist

between individuals in their tolerance to head impact, it seems highly
unlikely that very many individuals exist who could withstand head accel-
eration of this magnitude without experiencing at least concussion. As
shown in Figure 7, the peak acceleration associated with all eight cases
involving head injury in this study fell below 435 G. In particular,
cases 6 and 14 were frontal impacts in which very severe head injuries
resulted (AIS value 5) from peak accelerations of 322 G and 355 G, re-

spectively.

The values of peak transmitted force were recorded for each of the
14 cases in an attempt to validate the value of 5000 1b (22.3 kN) cur-
rently specified in British Standard 2495 (1960) as the limit of sur-
As shown in Figure 10, the one
case of fatal head injury occurred at a peak transmitted force of 2982
1b (13.3 kN). In addition, severe head injury occurred (AIS value 5)

vivability for helmeted head impacts.

FIGURE 10. Peak transmitted
force values for the impact

best duplicating helmet damage
for each of the 14 cases. Solid
bars represent cases in which
head injury resulted from the
impact. Cases 6, 14, 1, and 4
had an AIS value of 5 with case
4 being fatal.

16

PEAK TRANSMITTED FORCE (LB)

5000+

4500+

4000+

3500=

3000+

2000

$00+

CASE N

0.2 131012 6 14 39 1 s $ 7 1 4

- e~
FRONT CROWN  BACK  SIDE
CASES BY IMPACT LOCATION

FT RUCKER 090504



in cases 6, 14, and 1 at peak transmitted force values of 3839 1b (17.1
kN), 3317 1b (14.8 kN), and 2246 1b (10 kN) respectively. It would
appear that a peak transmitted force value of 5000 1b exceeds the limit
of survivability.

To what extent the SI value of 1500 or the HIC value of 1000 should
be lowered to increase its effectiveness as a predictor of concussion is
difficult to establish on the basis of only 14 cases. Continuing this
. research effort on helmets as they become available should help to define
these concussive threshold values.

CONCLUSIONS

To be effective in selecting aircrew helmets to prevent concussive
head injuries in survivable helicopter crashes, the current pass-fail
criterion of 400 G should be reduced to 150 G. While the SPH-4 aviator
helmet adequately protects against penetrating types of head injury, its
energy absorbing qualities do not adequately protect against concussive
head injuries. The severity of impact surfaces encountered by US Army
aircrewmen in survivable helicopter crash situations seldom exceed that
of a flat surface. An SI value of 1500 and an HIC value of 1000, current-
1y used as concussive threshold values by NOCSAE and DOT, respectively,
exceed the level at which concussion occurs.
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